The aim of this study was to determine whether 64-slice multidetector computed tomography (MDCT) can differentiate coronary reperfusion with Thrombolysis In Myocardial Infarction (TIMI) flow grade 3 from TIMI flow grade Յ2 after ST-segment elevation myocardial infarction (STEMI).
Suboptimal coronary reperfusion with Thrombolysis In Myocardial Infarction (TIMI) (1) flow grade Յ2 in acute ST-segment elevation myocardial infarction (STEMI) adversely affects prognosis (2) and requires additional procedures, such as thrombolysis and/or percutaneous coronary intervention (PCI). The gold standard for investigating coronary reperfusion after STEMI is invasive coronary angiography (ICA), and thus a noninvasive method of diagnosing coronary reperfusion is desirable. Although current noninvasive tools that can evaluate coronary reperfusion-including the resolution of ST-segment elevation by electrocardiography (ECG) (3), the rapid washout of serum cardiac biomarkers (4) , and the preservation of coronary flow velocity by transthoracic Doppler echocardiography (5)-are accurate, each of these methods has limitations, because they are indirect and cannot visualize the entire distal part of the infarct-related artery (IRA). Multidetector computed tomography (MDCT) has recently become a popular modality for noninvasive coronary artery imaging (6 -10) . Recent technical advances in MDCT, particularly 64-slice MDCT, have enhanced image quality by improving spatial and temporal resolution (7) (8) (9) (10) . In addition, these advances have enabled rapid scanning of the cardiac anatomy, thereby reducing the burden imposed on patients, including a short breath-hold as well as reductions in contrast medium and radiation doses. Consequently, 64-slice MDCT can be applied to noninvasively evaluate coronary arteries in acute coronary artery disease (7) (8) (9) . Several recent studies (7, 8) have demonstrated that 64-slice MDCT can rule out acute coronary syndrome in individuals with possible myocardial ischemia. Thus, MDCT could potentially be used to safely and noninvasively evaluate reperfused coronary arteries during the acute phase after STEMI. Although coronary blood flow in both TIMI flow grades 2 and 3 reperfuses angiographically to the distal site of an IRA, distal coronary flow velocity and flow volume are reduced in TIMI flow grade 2 compared with TIMI flow grade 3 reperfusion (5, 11, 12) , which can be expressed as attenuated contrast visualization of the distal IRA in TIMI flow grade 2 by coronary MDCT.
Therefore, we hypothesized that 64-slice MDCT could visualize the presence or absence of distal coronary reperfusion in patients soon after STEMI and that differences in coronary blood flow between TIMI flow grades 2 and 3 could be detected as differences in contrast visualization in the distal IRA by MDCT, which would enable noninvasive differentiation between these 2 flow grades. Because the feasibility of 64-slice MDCT to evaluate coronary reperfusion has not been fully investigated, the present study tested these hypotheses by comparing the 64-slice MDCT findings from an IRA with those of the ICA during the acute phase in non-high-risk patients with STEMI.
M E T H O D S
Study population. We analyzed data from 110 consecutive patients with a first STEMI and without a history of surgical revascularization. The inclusion criteria comprised: 1) typical chest pain lasting for Ն30 min and Յ12 h from symptom onset; 2) ST-segment elevation of Ͼ0.2 mV in Ն2 contiguous ECG leads; and 3) increased cardiac enzymes (subsequent increase in serum creatine kinase Ն2-fold the upper limit of normal). We excluded 10 patients because of a high risk of STEMI, such as Killip classification Ն2 (13). Thirteen others were excluded from this study, because of inability to follow breath-hold commands (n ϭ 2), baseline renal insufficiency (creatinine levels Ն1.5 mg/dl; n ϭ 3), atrial fibrillation or severe arrhythmia (n ϭ 3), and visually severe calcification of the IRA on unenhanced MDCT (n ϭ 5). We finally recruited 87 patients for the present study. The Institutional Committee of Kagoshima City Hospital approved the study protocol, and all patients provided written informed consent to participate before enrollment. Study protocol. Soon after primary treatment for STEMI and echocardiography in the emergency department, all patients were administered oral aspirin (162 mg) and then evaluated by emergency MDCT and subsequent ICA. Fibrinolysis was performed before the MDCT study in 12 patients but not between the emergent MDCT and ICA. MDCT data acquisition. All MDCT examinations were performed with a 64-slice computed tomography (CT) scanner (Aquilion, Toshiba Medical Systems, Otawara, Japan). The position of the coronary arteries and the coronary calcium burden were assessed in all patients by noncontrast scanning before MDCT angiography. A contrastenhanced study then proceeded with retrospective ECG gating with the following angiographic scan A beta-blocker (propranolol hydrochloride, 2 to 6 mg) was administered intravenously when heart rate reached Ͼ65 beats/min and no contraindications were present. Heart rates that fell to Ͻ40 beats/min were increased with atropine. A bolus of 55 to 70 ml of nonionic contrast material (Iohexol 350, Daiichi-Sankyo, Tokyo, Japan) was injected through an antecubital vein at a flow rate of 4 to 5 ml/s followed by 40 ml of saline chaser. Scanning was synchronized with the arrival of contrast in the coronary arteries with a bolus-tracking technique, and then scanning was started when contrast attenuation in a selected region of interest (ROI) in the ascending aorta reached a defined threshold of ϩ120 Hounsfield units (HU). All images were acquired while holding an inspiratory breath for approximately 10 to 12 s. Two cardiologists attended to ensure patient safety during all MDCT examinations. MDCT data analysis. Two independent, experienced observers who were blinded to the results of the quantitative coronary angiography analyzed the CT datasets. Differences in interpretation were resolved by consensus or by a third investigator if necessary. All data were evaluated with an online workstation with dedicated software (Ziostation, Amin, Tokyo, Japan). We evaluated the original axial images (i.e., thin-slice maximum intensity projections and multiplanar reconstruction images orthogonal and parallel to the vessel centerline).
The presence or absence of distal coronary reperfusion on MDCT was defined as follows. When an IRA was not visualized on MDCT beyond the obstruction, coronary reperfusion was considered absent. When an IRA was continuously visualized from the ostium to the distal coronary artery, coronary reperfusion was considered present. The culprit lesion of STEMI was defined on MDCT as a site of total occlusion or the most severely narrowed lesion site in the IRA. The location of each culprit lesion is described according to the American Heart Association classification (14) . Coronary segments were identified on the basis of the origin of side branches. We initially evaluated the Agatston calcium score, the location of the culprit lesion, and the presence or absence of distal reperfusion relative to the IRA that was determined by both the ECG and echocardiography findings. In patients with reperfusion on MDCT, the CT number in the middle of the contrast-enhanced coronary lumen on the cross-sectional images was determined at an apparently normal site (proximal site) within 5 mm proximal to the culprit lesion and at the most distal site (distal site) of the IRA visualized by MDCT with a ROI. The ROI size of each lesion depended on the judgment of experienced observers. The CT number was measured on 3 cross-sectional images at the proximal and distal sites of the IRA, and then we calculated the mean. As an index to differentiate TIMI flow grade 3 flow from Յ2, the distal/ proximal CT number ratio was calculated by dividing the CT number of the coronary lumen at the distal site of the IRA by that at the proximal site. Vessel diameter was also measured at the proximal and distal sites. Residual percentage diameter stenosis of the culprit lesion was calculated with the luminal diameter at the maximal coronary stenosis and the mean luminal diameter at the proximal and distal reference sites. These parameters were measured 3 times, and the mean was calculated for analysis in the MDCT study. Invasive coronary angiography. Emergency ICA proceeded immediately after MDCT in all patients via the femoral artery approach with a 5-F standard catheter and an INNOVA 2000 (GE Medical Systems, Waukesha, Wisconsin) instrument. All patients received intravenous heparin (5,000 U) and intracoronary isosorbide dinitrate (2 mg). Several views of the right and left coronary arteries were digitally acquired, and the minimal lumen diameter of the culprit lesion, the reference vessel diameter, and percentage diameter stenosis were quantified with a computerassisted, automated edge-detection algorithm (Cardiac QCA, GE Medical Systems) with a 5-F catheter as the reference. Stenosis was evaluated from the worst view. Angiographic TIMI flow grade was evaluated with the initial coronary angiography procedure as described (1), and TIMI flow grades 2 or 3 were defined as the presence of distal coronary reperfusion. The TIMI or corrected TIMI frame count was measured in patients with TIMI flow grade 2 or 3 reperfusion as described (15) . The degree of angiographic collateral circulation was determined with the Rentrop grading system (16) .
Like the comparison of MDCT images between patients with TIMI flow grade 2 and 3 reperfusion, the coronary lumen visualized by ICA was densitometrically analyzed at the site proximal to the
culprit lesion and at the distal site of the IRA in patients with TIMI flow grade 2 and 3 reperfusion, and the ratio of contrast opacification was calculated as in the MDCT study. Data were analyzed with an Advantage Workstation Volume Share (GE Medical Systems). Two independent and Time delay † to PCI (min) Reference diameter (mm) 3.3 Ϯ 0. CPK ϭ creatine phosphokinase; CS ϭ calcium score; CT ϭ computed tomography; CTFC ϭ corrected TIMI frame count; HR ϭ heart rate; ICA ϭ invasive coronary angiography; IRA ϭ infarct-related artery; LAD ϭ left anterior descending coronary artery; MDCT ϭ multidetector computed tomography; MLD ϭ minimal lumen diameter; PCI ϭ percutaneous coronary intervention; RCA ϭ right coronary artery; SBP ϭ systolic blood pressure; TFC ϭ TIMI frame count; TIMI ϭ Thrombolysis In Myocardial Infarction. Abbreviations as in Table 1 . (Table 2) . Of the 31 patients, 12 had TIMI flow grade 3 at the time of ICA, and 16 had TIMI flow grade 2; the remaining 3 had TIMI flow grade 0 or 1. Of the 56 patients without distal reperfusion determined by MDCT, 55 had TIMI flow grades 0 or 1, and 1 had TIMI flow grade 2 according to ICA. Therefore, the presence of coronary reperfusion with TIMI flow grades 2 and 3 on ICA was generally associated with distal coronary reperfusion visualized by MDCT. The sensitivity, specificity, and accuracy of a diagnosis of TIMI flow grade 2 or 3 coronary reperfusion on the basis of visualization of the IRA by MDCT were 97%, 95%, and 95%, respectively. However, a diagnosis of TIMI flow grade 3 by the same criteria was less effective, with sensitivity, specificity, and accuracy of 100%, 75%, and 78%, respectively. Table 1 . Patients with TIMI flow grade 3 had a significantly higher CT number ratio than those with TIMI flow grade Յ2 (0.64 Ϯ 0.11 vs. 0.37 Ϯ 0.12; p Ͻ 0.0001) (Fig. 1) . A luminal CT number ratio of 0.54 was selected on the basis of ROC curve analysis as the optimal cutoff value to differentiate TIMI flow grade 3 from TIMI flow grade Յ2 reperfusions. The sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of a diagnosis of TIMI flow grade 3 on the basis of visualization of coronary reperfusion and a distal/proximal CT number ratio of Ն0.54 determined by MDCT were 92%, 97%, 85%, 99%, and 97%, respectively ( Table 2) .
Diagnosis of angiographic TIMI
Comparison of residual coronary stenosis: 64-slice MDCT versus ICA. Spearman correlation between residual percentage diameter stenosis determined by MDCT and by ICA was significant in 32 patients with TIMI flow grade 1 to 3 reperfusion determined by ICA (r ϭ 0.83, p ϭ 0.006) (Fig. 2) . Bland-Altman analysis revealed a bias of ϩ4.9% with 95% limit of agreement ranging from ϩ1.2% to ϩ8.6% (Fig. 3) . Figure 4 shows representative MDCT images of patients with TIMI flow grades 0, 2, and 3.
Difference in luminal contrast opacification on ICA between TIMI flow grades 2 and 3 determined by densitometry. The ratio of pixels of the IRA determined by densitometry was significantly higher in patients with TIMI flow grade 2 than with TIMI flow grade 3 (n ϭ 29, 1.6 Ϯ 0.3 vs. 1.3 Ϯ 0.4; p ϭ 0.02), which is in accordance with the difference in the CT number ratio between the 2 flow grades evaluated by MDCT. Reproducibility of measurements. The interobserver and intraobserver variability of the CT number at the proximal site was 11.8 Ϯ 8.7 HU (2.9 Ϯ 2.2% of the mean) and 10.0 Ϯ 9.4 HU (2.5 Ϯ 2.2% of the mean), respectively. These values at the distal site were 11.0 Ϯ 13.5 HU (5.6 Ϯ 5.0% of the mean) and 10.1 Ϯ 7.4 HU (5.3 Ϯ 3.1% of the mean), respectively.
D I S C U S S I O N
The present study demonstrated that 64-slice MDCT enables the noninvasive differentiation of angiographic TIMI flow grade 3 from TIMI flow grade Յ2 coronary reperfusion in patients with STEMI. Coronary MDCT provides coronary artery images from which the presence or absence of coronary reperfusion in patients soon after STEMI can be evaluated. The presence of distal coronary reperfusion on MDCT generally indicates TIMI flow grade 2 or 3 and therefore is not specific to TIMI flow grade 3. However, we found that 64-slice MDCT can visualize differences in luminal contrast enhancement of the distal IRA between patients with TIMI flow grades 2 and 3 reperfusion. Consequently, a distal/proximal CT number ratio of Ն0.54 determined by MDCT generally indicates Several coronary MDCT studies (6, 17) with comparable findings have shown that MDCT can correctly evaluate total occlusion and detect significant coronary artery stenosis. However, the presence of excellent coronary collateral flow comes into question when evaluating coronary reperfusion by coronary MDCT. Two of our patients were misidentified as having distal reperfusion on MDCT, although ICA showed total occlusion, because the IRA distal to the total occlusion site had excellent anterograde and retrograde collateral flow. Thus, some discrepancies in the diagnosis of coronary reperfusion were evident between MDCT and subsequent ICA. These discrepancies might be associated with technical difficulties encountered when visualizing coronary artery images from 64-slice MDCT. Another possibility is the dynamic nature of coronary reperfusion (18) . The culprit lesion might have become recanalized or reoccluded during the interval between MDCT and ICA.
Angiographic TIMI flow grade 2 after PCI is caused by microvascular dysfunction secondary to distal embolization of thrombus/plaque components after mechanical dilation (19) or by incomplete coronary dilation by PCI (12) . In contrast, TIMI flow grade before PCI depends on the severity of residual stenosis in the culprit lesion. A TIMI flow grade 2 before PCI is caused by low coronary blood flow due to severe residual stenosis and not by microvascular dysfunction (5, 11, 12) . In comparison, coronary blood flow in TIMI flow grade 3 and less residual stenosis are preserved or even increased due to reactive hyperemia after reperfusion (5, 11, 12) . The degree of residual stenosis in the epicardial coronary artery affects the volume of contrast medium flowing in the artery distal to the coronary stenosis; differences among residual stenoses result in differences in contrast opacification of the coronary lumen in the distal IRA of patients with TIMI flow grades 2 and 3. Pathophysiological differences in coronary blood flow can be visualized with 64-slice MDCT, which allows the noninvasive differentiation of TIMI flow grades 3 and 2.
When fibrinolysis and not primary PCI is chosen as the initial reperfusion therapy in patients with STEMI, the American College of Cardiology/ American Heart Association guidelines (20) recom- mended that high-risk patients be transferred immediately to a PCI-capable facility for diagnostic ICA and consideration of PCI, and if not high risk, the patients might be moved to a PCI-capable facility after fibrinolysis or might be observed in the initial facility. Among such non-high-risk patients treated with fibrinolysis at a hospital without a catheterization laboratory, 64-slice MDCT provides an effective option to identify those who should be transferred to a PCI-capable facility to undergo rescue PCI. This is because coronary MDCT visualization of the IRA enables accurate, noninvasive differentiation of angiographic TIMI flow grade 3 from TIMI flow grade Յ2 coronary reperfusion in patients soon after STEMI. Study limitations. The limitations of coronary MDCT with 64-slice scanners include radiation exposure and the use of contrast agent. An additional limitation to that conferred by the presence of calcium and rapid coronary motion is that patients with severe arrhythmias including atrial fibrillation and renal insufficiency or those with contraindications to iodinated contrast agent cannot be scanned. Therefore, although coronary MDCT is superior to conventional noninvasive tools with respect to the appropriate identification of TIMI flow grade 3 after STEMI, it is not suitable for all candidates.
Coronary arteries can currently be evaluated by 64-slice MDCT within approximately 40 min. Next-generation MDCT equipment with more detector rows (3, 20) and workstation advances should reduce the amount of time required from coronary artery scanning to visualization, lower the amount of required contrast medium and radiation dose (21) , and thus expand the feasibility of coronary MDCT to coronary artery evaluation in patients with STEMI.
The present investigation was a single-center study of a relatively small patient cohort. Future application of the present methodology would benefit from analyzing data from a large patient population. In the present study, a ROI size for the measurement of the CT number depended on the judgment of experienced observers. Consequently, a ROI size was approximately one-fifteenth and twothirds of the contrast-enhanced coronary lumen area at the proximal and distal sites of the lesion, respectively, and we demonstrated the reproducibility of CT number measured by the ROI. However, a ROI size has influence on the CT number that is measured. In addition, we only included patients with a first STEMI that had developed within 12 h and who potentially required emergency PCI. The preservation of distal coronary blood flow might be related to a hyperemic response after reperfusion, which can potentially last for several hours (22) . Furthermore, collateral circulation might develop after STEMI. Therefore, whether these results can be generalized to those who present with acute myocardial infarction of Ն12 h from onset remains unknown.
Finally, MDCT scanning before PCI is not recommended for routine diagnosis, and a clinical benefit has not yet been demonstrated. The possibility of a worse outcome due to the time delay and exposure to contrast, although not evident from this study, cannot be excluded.
